The transcription factor, ApC/EBP (Aplysia CCAAT enhancerbinding protein) is an immediate early gene that is rapidly induced by serotonin and the cAMP signaling pathway. ApC/ EBP acts as an important link following the activation of protein kinase A (PKA) in the consolidation of long-term memory in Aplysia californica. In this study, we report that levels of ApC/EBP mRNA in the eye of Aplysia are modulated by serotonin or light. These responses of ApC/EBP to serotonin and light are mimicked by analogs of cAMP and cGMP.
The induction of transcriptional activators as immediate response genes provides a mechanism for a cell signaling pathway to affect a broad set of responses. The transcription factor CCAAT enhancer-binding protein in Aplysia californica (ApC/EBP) is an essential immediate early gene for long-term memory consolidation (Alberini et al. 1994; Yamamoto et al. 1999) . In Aplysia, ApC/EBP is induced via cAMP responsive element binding protein (CREB; Dash and Moore 1996; Bartsch et al. 1998) . The capacity for ApC/ EBP to form homo-and heterodimers with different DNA binding motifs provides the ability to vastly increase the number of downstream targets affected by ApC/EBP (Bartsch et al. 2000) . Recent research in mammals has shown that homologs of ApC/EBP in the rat, C/EBPb and C/EBPd, are also important in learning and memory highlighting evolutionary conservation (Taubenfeld et al. 2001a; Taubenfeld et al. 2001b) .
The C/EBP family of transcription factors contains a bipartite basic-leucine zipper domain (b-zip domain) involved in the mediation of protein dimerization and DNA binding. Several transcription factors belonging to the basic leucine zipper (b-zip) family have been identified either as components of the circadian clock or as genes that are expressed in a circadian manner. These b-zip transcription factors include albumin site D-binding protein (DBP) in mammals (Wuarin and Schibler 1990; Lopez-Molina et al. 1997) , and Vrille (VRI), CREB and ICER in Drosophila (Belvin and Yin 1997; Foulkes et al. 1997; George and Terracol 1997; Belvin et al. 1999) .
In Aplysia, the isolated eye produces a circadian rhythm in compound action potentials (Jacklet 1969) . Treatment of eyes with pulses of the reversible transcription inhibitor, DRB, phase shifts the nerve impulse rhythm demonstrating the importance of transcriptional regulation for the ocular circadian rhythm (Raju et al. 1991; Khalsa et al. 1996) .
The ocular impulse rhythm also can be phase shifted using either light or serotonin (5-HT) treatments. Light affects the phase of the rhythm in the isolated eye through increases in cGMP (Eskin et al. 1984) , while 5-HT induces phase shifts through the second messenger, cAMP Eskin and Takahashi 1983) . The involvement of the 5-HT/cAMP pathway in the induction of phase shifts suggests that the CREB/CRE transcriptional pathway may also be important in the Aplysia circadian system. Due to the potential role of b-zip transcription factors in the circadian clock and the regulation of both the circadian clock and ApC/EBP in the nervous system by 5-HT, the role of ApC/EBP in the ocular circadian system of Aplysia was investigated. In this study, we report that ApC/EBP mRNA expresses diurnal and circadian rhythms in the eyes of whole animals. Moreover, damped ocular circadian rhythms of older animals were correlated with damped rhythms of ApC/EBP mRNA. Furthermore, light and 5-HT had phase-dependent effects on levels of ApC/EBP mRNA. Finally, the same second messengers, cGMP and cAMP, that are involved in phase shifting the ocular impulse rhythm also appear to be involved in regulating ApC/EBP mRNA.
Materials and methods

Animal maintenance
Aplysia californica (Alacrity Marine Biological Services, Redondo Beach, CA, USA; Marinus, Inc., Long Beach, CA, USA; NCRR National Resource for Aplysia at the University of Miami, Miami, FL, USA) were maintained at 15°C in Instant Ocean (Aquarium Systems, Mentor, OH, USA). Animals weighed between 100 and 150 g and their age was estimated from shell diameter as described previously (Peretz et al. 1982; Sloan et al. 1999) . As it was not feasible to continuously follow the rhythm of ApC/EBP with age, it was necessary to select two age groups of animals to study. The amplitude of the circadian ocular rhythm remains stable in animals up to 6 months of age and then decreases continuously (Sloan et al. 1999) . Thus, field animals younger than approximately 7 months were classified as ÔyoungÕ animals, while those animals older than 7 months were categorized as ÔolderÕ animals for the purposes of age experiments. Animals received from the Miami facility were of known age. Animals were kept in 400 L aerated tanks, and fed lettuce upon arrival. Animals were entrained to light/dark (LD) 12 : 12 h cycles for at least 3 days prior to the start of all experiments. Room lighting for entrainment was provided by fluorescent white lights (34 watts), approximately 1.5 m above the surface of the water in the tank (40 cm deep). For experiments under constant conditions (DD), animals were entrained and then transferred to constant dark for at least 1 day prior to the start of the experiment. Light pulses (1200 lux; 15 watt fluorescent white aquarium light 15 cm above the surface of the water, 20 cm deep) were given for 1.5 h, unless specified otherwise, and did not affect the temperature of the seawater surrounding the animals.
Eye removal
Animals were anesthetized by injection of isotonic MgCl 2 (MgCl 2 AE6H 2 O, 360 mM), and eyes removed at specified times. Dim red light was used for eye removal during collections in the dark. Eye removal took approximately 25-45 s. Eyes were immediately frozen in liquid nitrogen after their removal or they were kept in buffered filtered sea water (BFSW, instant ocean sea water containing 30 mM Hepes, pH 7.65) containing streptomycin sulfate (100 lg/mL), and penicillin G (100 units/mL).
In situ hybridization
In situ hybridization was carried out according to previously described procedures (Wilkinson et al. 1987; Levenson et al. 2000a) . Eyes were fixed in 4% paraformaldehyde and 30% sucrose in phosphate-buffered saline (PBS: 136 mM NaCl, 2.7 mM KCl, 10 mM NaHPO 4 , 1.8 mM KH 2 PO 4 , pH 7.0) overnight at 4°C. Following rinses with PBS, eyes were dehydrated in a series of ethanol and then xylene solutions at room temperature. Eyes were embedded in paraffin for 6 h at 60°C and then transferred to fresh paraffin and solidified. After 10 lm sections were cut, paraffin was removed and the sections were treated with proteinase K.
35
S-labeled antisense riboprobes were made using the Prime-It random labeling kit (Stratagene, La Jolla, CA, USA). Hybridization was performed at 52°C overnight. Slides were coated with the emulsifying agent, NTB-2 (Kodak), to visualize riboprobe hybridization. After development of the emulsion, nuclei were counterstained with Hoechst (Sigma, St Louis, MO, USA). Riboprobes corresponding to the sense strand of ApC/EBP served as negative controls.
RNase protection assays RNA extraction (four eyes per time point per experiment) was performed according to the guanidine hydrochloride isolation method (Stratagene). Approximately 2 lg of total eye RNA was hybridized to the antisense riboprobes for ApC/EBP and heat shock cognate gene (HSC) at 45°C overnight. The ApC/EBP probe corresponds to nucleotides (nt) 808-1056 (sequence based upon Alberini et al. 1994) , protecting a fragment of 248 nt. This probe does not distinguish between the full-length ApC/EBP mRNA (1017 nt) and the truncated mRNA (858 nt). The ApC/EBP probe was inserted into the Pocus vector, linearized with BamH I (Promega, Madison, WI, USA) and synthesized using [ 32 P]UTP with T7 RNA polymerase and the Maxiscript kit (Ambion, Austin, TX, USA). The RPA II kit (Ambion) was used for all RNase protection assays (RPAs). Protected fragments were separated through electrophoresis using 5% acrylamide gels. Imaging and quantification of gels was carried out using a Fuji Phosphorimager or exposure to X-ray film with quantification using a computerized image analysis system (DNA Proscan Inc.). To ensure linearity of X-ray film development, multiple exposures were carried out for each gel. Values of ApC/EBP mRNA were divided by the HSC mRNA values for each sample to generate a normalized ApC/EBP mRNA value. The normalized ApC/EBP mRNA values were then standardized to a control lane (either the peak value or a control sample) to generate relative quantifications of the normalized ApC/ EBP mRNA values in a given experiment. Statistical analyses were performed using two-tailed Student's t-tests, ANOVAs, and the Kruskal-Wallis test for non-parametric analysis of variance.
Treatments
Experimental eyes were treated with 2 mM 8-bromo-cGMP (Sigma) or 8-bromo-cAMP (Sigma) dissolved in BFSW, while the contralateral eyes received BFSW as a vehicle. For in vitro treatments with 5-HT, experimental eyes were treated with various concentrations of 5-HT-HCl (Sigma) while control eyes received BFSW as a vehicle. During in vivo experiments, experimental animals were bathed in 250 lM 5-HT (Levenson et al. 2000b) , while control animals were bathed in the same volume of seawater (Alberini et al. 1994) . The 5-HT concentration in the hemolymph during the 250 lM 5-HT treatment was approximately 100 nM (Levenson and Eskin, unpublished data) .
Results
ApC/EBP expressed diurnal and circadian mRNA rhythms in vivo ApC/EBP mRNA was measured in eyes obtained from intact animals entrained to LD cycles. ApC/EBP mRNA expressed a clear rhythm in animals entrained to LD (Fig. 1a) . ApC/EBP mRNA peaked at dawn with lowest levels observed late in the day. HSC-70 was constitutively expressed in the eyes under both LD conditions (p ¼ 0.497) and constant conditions (p ¼ 0.900). Consequently, HSC-70 was used as an internal loading control to normalize ApC/EBP mRNA abundance.
The diurnal rhythm observed in ApC/EBP mRNA could primarily be due to an acute effect of light on ApC/EBP at ZT 0. To determine if ApC/EBP also exhibited a circadian rhythm, animals were transferred to constant darkness (DD) after entrainment to 12 : 12 LD cycles. After 2 days in DD, eyes were removed from animals at 4 h intervals. ApC/EBP mRNA abundance oscillated in a circadian manner (period length 24-28 h) under constant conditions (Fig. 1b,c) . ApC/EBP mRNA abundance peaked during the subjective night with trough levels during the subjective day.
mRNA oscillations were absent in isolated eyes As the circadian ocular impulse rhythm persists in isolated eyes, we investigated levels of ApC/EBP mRNA in isolated eyes maintained in DD for at least 1 day prior to collection. Levels of ApC/EBP mRNA did not oscillate when eyes were isolated and kept in vitro either in BFSW or culture media (Fig. 2a) . Moreover, no rhythm in ApC/EBP mRNA abundance was detected for isolated eyes maintained with the cerebral ganglia still attached (Fig. 2b) . These results indicate that the rhythm observed in eyes in vivo may be imposed on the eye by rhythmic factors originating outside of the eye. Alternatively, it is possible that a rhythm of ApC/EBP mRNA Animals were entrained for at least 3 days in 12 : 12 LD cycles prior to removal of the eyes (4-6 eyes were used per time point). For collections at ZT 0 and ZT 12, eyes were removed within 15-20 min of the change in lighting conditions. HSC was used as an internal loading control, as its mRNA levels are not rhythmic in the eyes under either LD conditions (ANOVA, p ¼ 0.497) or DD conditions (ANOVA, p ¼ 0.900) Graph represents means and standard errors based upon three independent experiments. The change in ApC/EBP mRNA was shown to be statistically significant using ANOVA (p < 0.01). Data was quantified by normalizing each ApC/EBP value to its corresponding HSC value. Then, all of these values were related to one another by setting the highest ratio equal to 1.0. This quantification procedure was followed in the graphs in other figures. (b) RNase protection assay of ApC/EBP mRNA abundance in eyes under constant conditions. Animals were maintained for 2 days in DD, following 12 : 12 LD entrainment, prior to removal of the eyes at 4 h intervals. (c) Graph represents means and standard errors based upon six independent experiments with n ¼ 3-6 for each time point. ANOVA analysis resulted in p < 0.05. For each time course, mRNA abundance was normalized to the peak value for each time course, which was set to 100%. It was not feasible in a given experiment on ApC/EBP mRNA to have groups of eyes collected at all time points shown in the graph. Thus, more time points are included in the graph (c) than are shown in the gel (b). Similar cases to this also exist in Figs 2 and 4. Gray boxes and black boxes shown in this figure represent subjective day and subjective night, respectively.
Circadian regulation of ApC/EBP 1403 does exist in cells of the eye, but this rhythm was masked by injury induced increases in levels of ApC/EBP mRNA in many cell types within the eye. Injury due to severance of nerves has been shown to produce large, rapid increases in ApC/EBP expression in ganglia (Alberini et al. 1994) .
The eye of Aplysia has many different cell types, but only a limited number of cells may be involved in producing the circadian rhythm (Herman and Strumwasser 1984; Barnes and Jacklet 1997) . To determine if isolation of the eye and severance of the optic nerve induced widespread increases in ApC/EBP mRNA throughout the isolated eye, in situ hybridization was used to localize changes in ApC/EBP mRNA in the isolated eye. Nuclei were counterstained with Hoechst (blue). Eyes that were removed from animals ( Fig. 3a) and immediately fixed showed widespread, but very low levels of ApC/EBP mRNA. Much higher levels of ApC/EBP mRNA were detected in eyes that had been isolated for 3 h. The widespread expression of high levels of ApC/EBP mRNA seen after isolation of the eye reinforced the possibility that injury responses within the eye potentially were masking the circadian rhythm of ApC/EBP in isolated eyes. Accordingly, RPAs were carried out to assess ApC/EBP mRNA levels at different time points following isolation of the eye. Isolation of eyes and severance of the optic nerve induced high levels of ApC/EBP mRNA that persisted for at least 3 h following isolation of the eye, with approximately a 10-fold increase in expression (Fig. 3b) . However, ApC/EBP mRNA levels returned to levels approximately two-fold above baseline approximately 24-32 h after isolation. The return of ApC/EBP mRNA to near basal levels 32 h following isolation of the eye diminishes the possibility of a masked mRNA rhythm existing in isolated eyes, as eyes were left at least 1 day following isolation before collection. Another possible explanation for the lack of rhythm in ApC/ EBP mRNA in the isolated eye is that rhythms in individual cells drifted out of phase with one another. This possibility seems unlikely because in 1-2 days in vitro, the rhythms of these cells would not have drifted very far apart. In addition, the expression of a robust circadian ocular impulse rhythm requires that the rhythms of the cells must be in phase. conditions. Eyes were isolated from animals entrained to 12 : 12 LD cycles and placed in DD for 1 day prior to the start of collection. The graph represents the mean of three independent experiments. For each time course, mRNA abundance was normalized to the peak abundance value. Gray boxes and black boxes represent subjective day and subjective night, respectively. (b) RNase protection assay of ApC/EBP mRNA in isolated eyes attached to cerebral ganglia under constant conditions. Eyes were isolated from animals entrained to 12 : 12 LD cycles and placed in DD for 1 day prior to the start of collection. The graph is the mean of eight independent experiments. For each time course, mRNA abundance was normalized to the peak abundance value.
Therefore, ApC/EBP mRNA does not appear to express a circadian rhythm in the isolated eye.
ApC/EBP mRNA rhythm damped with age The amplitude of the ocular circadian rhythm decreases with increasing age of the animal (Sloan et al. 1999) . To further investigate the relationship between ApC/EBP expression and the circadian clock, circadian rhythms of ApC/EBP mRNA were compared in young versus old animals. Animals of known age were obtained from the University of Miami -NIH Aplysia Resource Facility, while the age of wild animals was approximated from their shell size (Peretz et al. 1982) . In older animals (> 7 months old) from either the University of Miami -NIH Aplysia Resource Facility or field animals, the ocular rhythm of ApC/EBP mRNA demonstrated around a two-fold rhythm under DD conditions in older animals compared with around a five-fold rhythm in young animals (Fig. 4) . The decreased amplitude of the ApC/EBP rhythm in older animals was significantly different as the data in the troughs of the rhythm of older animals was significantly different from that of the young animals (p < 0.01). The amplitude of the circadian ocular impulse rhythm damped by 60% in older animals (Sloan et al. 1999) . The circadian oscillation of ApC/EBP mRNA damped in older animals compared with younger animals apparently due to an increase in the baseline levels of ApC/EBP mRNA. Basal levels of ApC/EBP mRNA were more than doubled in older compared with younger Aplysia (p < 0.01). This increase in basal ApC/EBP is consistent with previous research that determined aging increases overall transcription and translation rates in Aplysia (Sloan et al. 1999 ).
Light and serotonin increased levels of ApC/EBP mRNA One-and-a-half hour light or 5-HT treatments are sufficient to induce phase shifts in the ocular rhythm of Aplysia (Eskin 1972; Corrent et al. 1978; Eskin et al. 1984) . In order to investigate whether entraining agents of the circadian oscillator also affect the expression of ApC/EBP, animals that had been entrained to LD cycles were exposed to light (1200 lux) or 250 lM 5-HT on the second day of constant darkness. Animals were exposed to 5-HT in vivo to avoid complications arising from increases in ApC/EBP mRNA due to injury (Alberini et al. 1994) . Eyes were removed and the abundance of ApC/EBP mRNA was assayed using RPAs. 1.5 h light or 5-HT treatments greatly increased the abundance of ApC/EBP mRNA when applied both in vivo (Fig. 5) or to isolated eyes (data not shown). mRNA levels remained elevated at the end of 6 h 5-HT treatments. However, the ApC/EBP mRNA level was not increased at the end of 6 h light pulses. Thus, the effect of light on ApC/EBP mRNA was transient.
The second messengers used for phase shifting the circadian clock by light and 5-HT produced increases in ApC/EBP mRNA abundance Light phase shifts the ocular rhythm through increases in cGMP, while 5-HT phase shifts the ocular impulse rhythm through increases in cAMP Control eye was hybridized with an ApC/EBP sense probe. Only little hybridization was seen in eyes immediately after removal from the animal. Intense widespread hybridization of the antisense ApC/EBP probe (white) was seen in eyes that had been isolated for 3 h. The sense probe produced no hybridization in the eyes. The background color (yellow) was due to autofluorescence from the pigmented layer of the eye. Nuclei were counterstained with Hoechst (blue). All sections shown were processed together. (b) Injury induced increases in ApC/ EBP mRNA at different times after isolation. Graph represents the means and standard errors based upon three independent experiments. Data was analyzed by the Kruskal-Wallis test for non-parametric analysis of the variance, p < 0.01.
Takahashi 1983; Eskin et al. 1984) . Thus levels of ApC/ EBP mRNA were measured in eyes treated with analogs of cGMP and cAMP. These experiments were performed on isolated eyes due to the inherent difficulties associated with exposure of whole animals to analogs of cAMP and cGMP. Eyes were isolated before ZT12 and placed in DD for at least 6 h before the start of the treatment. Experimental eyes were treated with 2 mM 8-bromo-cGMP or 8-bromo-cAMP for 1.5 h, while the contralateral eyes received BFSW as a vehicle. 8-Bromo-cAMP (2 mM) significantly increased ApC/EBP mRNA by 65 ± 16% (n ¼ 7), while 8-bromocGMP (2 mM) significantly increased levels of ApC/EBP mRNA in isolated eyes by 178 ± 37% (n ¼ 7; Fig. 6 ). Although these results may reflect an enhancement of the injury response in the isolated eye by cAMP or cGMP, this seems unlikely given the robustness of the increase in ApC/ EBP mRNA and that eyes in these experiments were isolated between 6 and 30 h prior to treatment to minimize the effects of injury. Moreover, light and 5-HT increase levels of cGMP and cAMP, respectively, in the eye (Eskin et al. , 1984 . These results suggest that ApC/EBP expression may be induced with light and 5-HT via the same pathways that these entraining agents use to phase shift the ocular impulse rhythm. Fig. 4 The free-running rhythm of ApC/EBP mRNA damps with age. (a) RNase protection assay of ApC/EBP mRNA and HSC mRNA abundance in older animals under DD conditions. Animals were entrained by at least 3 days of 12 : 12 LD cycles prior to transfer to constant darkness. Eyes (four per time point) were collected at appropriate times on the second and third days in DD under dim red light. No difference was observed between animals obtained from the University of Miami -NIH Aplysia Resource Facility and animals collected in the field. (b) The graph (dashed line) shown represents the means of ApC/EBP mRNA abundance in older animals (> 7 months) based upon 5 independent experiments. In this graph, only data points with at least n ¼ 3 are shown. The change in ApC/EBP mRNA over time in older animals was significant by ANOVA analysis, p < 0.01. A summary of data from Fig. 1 of ApC/EBP mRNA abundance in young animals is plotted for comparison (solid line). The peak value for each time course was set at 1.0, so no difference between the peak ApC/EBP mRNA values for young and old animals are apparent from the graph. Trough values are significantly different (two-tailed t-test p < 0.01). Gray boxes and black boxes represent subjective day and subjective night, respectively.
Fig. 5
Light and serotonin increase levels of ApC/EBP mRNA in the eyes of intact Aplysia. RNase protection assay (RPA) using ApC/EBP riboprobe to measure mRNA abundance in eyes of intact animals treated with 1.5 h and 6 h light (L) or serotonin (S) at CT 18 or CT 6. For 5-HT treatments, animals were bathed in 250 lM 5-HT. Eyes were isolated from animals at the end of the treatments. Eyes from control animals were isolated at the end of the 6 h treatments. 1.5 h light: n ¼ 3 experiments for each time point; 1.5 h 5-HT: n ¼ 5 for CT 18 and n ¼ 4 for CT 6; 6 h light: n ¼ 4 for CT 18 and n ¼ 1 for CT 6; 6 h 5-HT: n ¼ 1 for CT 18 and n ¼ 3 for CT 6. Six hour light treatments were also carried out at CT 3 and CT 12 with similar results. Effects of light and 5-HT on ApC/EBP were phase dependent The effects of light and 5-HT on the impulse rhythm from the isolated eye are phase dependent. Light and cGMP produce phase delays at CT 6 and phase advances at CT 18, while 5-HT and cAMP produce phase advances at CT 6 and phase delays at CT 18 Eskin et al. 1984) . In order to establish the role of ApC/EBP in the circadian system, the effects of light and 5-HT on ApC/EBP mRNA levels were analyzed at different phases. The phase dependent effects of light and 5-HT on ApC/EBP mRNA were assessed in vivo to avoid the injury related induction of ApC/ EBP mRNA associated with in vitro experiments. One-anda-half hour treatments of either light (1200 lux) or 250 lM 5-HT were given to animals on the first day of constant darkness. Immediately following treatments, ApC/EBP mRNA abundance was measured in eyes. For each time point, the ratio of experimental/control ApC/EBP mRNA was normalized to the ratio of experimental/control ApC/EBP mRNA abundance at CT 18-19:30, which was set to 3.0. Light and 5-HT increased ApC/EBP mRNA abundance at all time points analyzed, but the magnitude of the increase was dependent on the phase of the treatment (Fig. 7a,b) . The large rhythm of light induced mRNA increases in ApC/EBP peaked at CT 18 with minimal increases in ApC/EBP mRNA levels seen at CT 6. Likewise, 5-HT induced higher levels of ApC/EBP mRNA at CT 18 compared with CT 6 (Fig. 7b) . Thus, the effects of light and 5-HT on ApC/EBP mRNA appear to be regulated (gated) by the circadian oscillator.
Discussion Surprisingly, ApC/EBP is the first molluscan gene shown to be expressed rhythmically. ApC/EBP mRNA oscillates in eyes from intact animals with a diurnal and circadian rhythm. However, the phase of the diurnal and circadian rhythms differ. Under LD conditions, the levels of ApC/EBP mRNA peak at dawn, while in constant conditions levels are highest during the subjective night (Fig. 1) . This difference in phase seems to be due to the acute effect of light on levels of ApC/ EBP as short light pulses increased levels of ApC/EBP mRNA throughout the circadian cycle, while ApC/EBP mRNA levels were not affected at the end of longer duration (6 h) light treatments. Thus, rhythms in ApC/EBP mRNA normally expressed in LD cycles appear to be a consequence of the acute effects of light on ApC/EBP at dawn and the effects of regulation of the circadian pacemaker throughout the rest of the day. Light also produces acute increases in c-Fos mRNA, another b-zip transcription factor implicated in the mammalian circadian clock (Rea 1989; Rea et al. 1993; Kornhauser et al. 1996) .
Although rhythms in compound action potentials exist in isolated eyes, no rhythm in ApC/EBP mRNA was observed in isolated eyes (Fig. 2) . As the putative clock cells in the Aplysia eye are small in size and number compared with the photoreceptor cells and other cells found in the eye, an mRNA rhythm in only clock cells could be easily masked by widespread injury effects throughout the eye (Herman and Strumwasser 1984; Barnes and Jacklet 1997) . Previous research has noted that injury in Aplysia increases the levels of ApC/EBP mRNA in ganglia (Alberini et al. 1994) . Similarly, isolation of eyes with the necessary severance of the optic nerve resulted in increased levels ApC/EBP mRNA throughout the eye as determined by RPAs and in situ hybridization of sectioned eyes (Fig. 3) . In addition, eyes that were removed from the animal with the cerebral ganglia attached and maintained in BFSW failed to show Fig. 7 Effects of entraining agents light and 5-HT on ApC/EBP mRNA. (a) Summary of RNase protection assay data measuring ApC/EBP mRNA abundance after 1.5 h light treatments of animals throughout the circadian cycle. Eyes were collected immediately upon the end of treatments. For each time point, the ratio of experimental/control ApC/ EBP mRNA was normalized to the ratio of experimental/control ApC/ EBP mRNA abundance at CT 18-19:30, which was set to 3.0. Means and standard errors of the difference in ApC/EBP RNA abundance between experimental and control animals are plotted. Light had a significant phase dependent effect on levels of ApC/EBP mRNA as determined by ANOVA (p < 0.01). (b) Summary of RNase protection assay data measuring ApC/EBP mRNA abundance after 1.5 h 5-HT treatments of animals. Eyes were collected immediately upon the end of treatments. 5-HT had a significant phase dependent effect on levels of ApC/EBP mRNA as determined by two-tailed Mann-Whitney test (p < 0.05).
rhythms in ApC/EBP mRNA (Fig. 2) . Although isolated eyes with cerebral ganglia attached showed decreased injury responses compared with isolated eyes without cerebral ganglia (Hattar 2000) , levels of ApC/EBP mRNA were still high in eyes attached to cerebral ganglia compared with eyes in vivo. Presumably, injury responses still occur due to the severance of the optic nerve fibers that continue through the cerebral ganglia to the rest of the central nervous system (Olson and Jacklet 1985) . As isolated eyes or eyes attached to cerebral ganglia were maintained for 1 day in BFSW prior to sampling for circadian rhythm experiments, sufficient time exists for retrograde injury signals to induce increases in ApC/EBP expression (Gunstream et al. 1995) . The overall injury response, as measured by RPAs, seemed to decrease substantially by 6 h with approximately twofold baseline levels reached by 24 h. Thus, the effect of injury on levels of ApC/EBP may not be sufficient to mask rhythms measured several days after the nerves were severed. However, the two-fold increase in ApC/EBP mRNA levels due to injury that seems to persist for at least 32 h may disrupt the low-level circadian rhythm of ApC/EBP. Therefore, the possibility that the injury induced increases in ApC/EBP mRNA levels prevent the detection of circadian mRNA rhythms in the isolated eyes cannot be ruled out.
Alternatively, rhythms of ApC/EBP mRNA in vivo may not arise within the eye but be driven by factors outside of the eye. Potentially, a diurnal rhythm of 5-HT in the hemolymph could cause the diurnal rhythm of ApC/EBP expression. However, this rhythm of 5-HT fails to account for the circadian rhythm in ApC/EBP mRNA in the eye, as the hemolymph 5-HT levels do not vary under constant conditions. Additional factors such as amino acids, glucose or other hormones in the hemolymph (Eskin 1982) could influence the circadian expression of ApC/EBP mRNA. Additionally, it must be considered that in the isolated eye, the cells responsible for generation of the ApC/ EBP mRNA rhythm may drift out of phase, although this possibility remains unlikely because a robust ocular impulse rhythm is still maintained.
Circadian rhythms in ApC/EBP mRNA in the Aplysia eye raise the possibility that the mRNA rhythm of ApC/ EBP is related to that of the circadian oscillator and the ocular impulse rhythm. These rhythms could be related in several ways: (i) entrainment pathway: ApC/EBP may regulate the circadian oscillator which then regulates the ocular impulse rhythm (ii) circadian oscillator: ApC/EBP may be regulated as a component of the core circadian oscillator, and (iii) output pathways: (a) the circadian oscillator regulates the mRNA rhythm of ApC/EBP (output rhythms), which in turn regulates the ocular impulse rhythm, or (b) the circadian oscillator independently regulates the rhythm of ApC/EBP mRNA and the ocular impulse rhythm.
(i) Entrainment pathway The responsiveness of immediate early genes, including b-zip transcription factors, to environmental stimuli makes them suitable candidate molecules for components of the entrainment signaling pathways for the circadian oscillator. Indeed light and serotonin induced acute increases in ApC/EBP mRNA in the Aplysia eye suggesting a possible role for ApC/EBP in the entrainment of the oscillator. Furthermore, analogs of cGMP and cAMP increased levels of ApC/EBP mRNA in isolated eyes suggesting that light and 5-HT increase ApC/EBP expression via the same signaling pathways involved in entraining the circadian oscillator in the Aplysia eye (Fig. 5) . If ApC/EBP fulfills a role in the entrainment pathway, then the threshold needed for entraining agents to induce ApC/EBP expression should be similar to the threshold needed to induce phase shifts in the isolated eye as has been determined in mammals for c-fos expression (Kornhauser et al. 1990 ). The threshold for 5-HT to induce increases in the levels of ApC/EBP mRNA lies between 0.01 lM and 0.1 lM (Hattar 2000) similar to the threshold for phase shifting the circadian oscillator which also falls between 0.01 and 0.1 lM . These results are consistent with a role for ApC/EBP in the entrainment pathway.
(ii) Circadian oscillator ApC/EBP expressed both diurnal and circadian mRNA rhythms. Similar to many recently identified b-zip transcription factors, such as DBP and VRILLE (Blau and Young 1999; Yamaguchi et al. 2000) , ApC/EBP may function as both a component of the entrainment pathway to the circadian oscillator and as a transcription factor controlled by the core circadian oscillator. In support of this possibility, the amplitude of the ocular nerve impulse rhythms were damped approximately 60% in older Aplysia (Sloan et al. 1999) , concordant with the extent of the decreased amplitude of ApC/ EBP mRNA oscillations under both LD and DD conditions in older animals. The circadian oscillation of ApC/EBP mRNA damped in older animals compared with younger animals apparently due to an increase in the baseline levels of ApC/EBP mRNA (Fig. 4) . This increase in basal ApC/ EBP transcription is consistent with previous research that determined aging increased transcription and translation rates in Aplysia (Sloan et al. 1999) . It remains to be determined whether the damped rhythm in ApC/EBP expression underlies the decreased amplitude of the ocular rhythm with ApC/EBP functioning in the core oscillator or whether the damped mRNA rhythm represents a transcriptional output from a damped circadian oscillator.
Several lines of evidence are inconsistent with ApC/EBP as a component of the oscillator: (a) In vitro isolated eyes maintain ocular impulse rhythms, while no rhythm of ApC/ EBP mRNA exists in isolated eyes and (b) the phase of the in vivo rhythm of ApC/EBP mRNA is not consistent with the light PRC of the ocular impulse rhythm (Hattar 2000) .
For example, based upon the mRNA rhythm, light at CT 18 should result in little or no phase shifts as this is the peak of the mRNA rhythm, while light administered at CT 3 (trough) should induce large phase delays. However, experimentally, light (1.5 h or 6 h) administered in vivo phase advances the rhythm at CT18 while light (6 h) has no effect on the rhythm at CT 3 (Hattar 2000) . Thus, it is unlikely that ApC/EBP is the component of the core oscillator mechanism affected by light. However, further research is needed to determine if ApC/EBP protein is involved in the core oscillator. Potentially, additional regulation of ApC/EBP protein levels and/or DNA binding ability would result in a delay between increases in ApC/EBP mRNA levels and the active transcription factor. Therefore, a role for ApC/EBP in the core oscillator cannot be completely ruled out.
(iii) Output pathway The circadian rhythm of ApC/EBP and the circadian rhythm of ocular impulses may represent either dependent or independent outputs of the circadian oscillator. In general, the evidence cited for the role of ApC/ EBP in the entrainment pathway is also consistent with ApC/EBP on an output pathway. If the rhythm of ApC/EBP mRNA lies solely on an output pathway of the circadian oscillator, then the circadian oscillator must modulate the acute effect of light on ApC/EBP mRNA levels. In support of this hypothesis, although short light pulses always increase ApC/EBP mRNA abundance, even during subjective day, the extent of the light-induced mRNA increases were phase dependent (Fig. 7) .
The correlation that exists between the dampened ocular impulse rhythm and the decreased amplitude rhythm of ApC/EBP seen in older animals could reflect the position of both these rhythms as outputs of a damped circadian oscillator. Based upon current evidence, it is impossible to determine whether ApC/EBP regulates the ocular impulse output or whether these are completely independent pathways, although the persistence of the ocular impulse rhythm in vitro in the absence of an ApC/EBP mRNA rhythm suggests that these may be independent output pathways of the circadian oscillator.
Model of ApC/EBP in the circadian clock In the circadian clock of the Aplysia eye, ApC/EBP may potentially be a component of the entrainment pathway or on an output pathway or both. The model presented in Fig. 8 depicts the potential role(s) of ApC/EBP in the circadian clock in the Aplysia eye. Serotonin and light, through cAMP and cGMP, respectively, affect ApC/EBP mRNA levels (i) and phase shift (ii) the ocular rhythm of Aplysia. The effects of light and serotonin on ApC/EBP mRNA abundance were phase dependent, indicating that the circadian oscillator somehow gates or regulates the effects of light and 5-HT on ApC/EBP. The ÔgatingÕ mechanism of the circadian oscillator on the entrainment pathways occurs prior to the rhythmic transcription of ApC/EBP (iii). Moreover, the circadian oscillator has to regulate ApC/ EBP as evidenced by the circadian rhythm seen for ApC/ EBP mRNA levels (iv).
Research on long-term sensitization in Aplysia has elucidated much of the pathway leading to CREB activation via the second messenger cAMP (reviewed in Carew 1996) . Activation of CREB leads to increased transcription of immediate early genes, including ApC/EBP (Alberini et al. 1994) . Interestingly, in mammals, light has been shown to induce another clock gene, mPER1, through an intact CRE element in its promoter requiring the synergistic activation of the cAMP and mitogen-activated protein kinase pathways (Travnickova-Bendova et al. 2002) .
Considerably less is known about the cGMP signaling pathway in Aplysia. Recent evidence suggests that the cGMP/PKG pathway is necessary for induction of long-term excitability in sensory neurons through a pathway independent of protein kinase A (PKA) (Lewin and Walters 1999) . In mammalian studies, the cGMP/PKG pathway has also been shown to activate CREB phosphorylation in the hippocampus during late-phase long term potentiation (Lu et al. 1999) . Potentially, increases in cGMP levels produced by light pulses might also lead to increased CREB phosphorylation in Aplysia and, therefore, induction of ApC/EBP transcription. Although the effect of cGMP on CREB could be direct through PKG phosphorylation of CREB, no evidence indicates that CREB is directly phosphorylated by PKG in Aplysia and sequence analysis reveals no consensus sites for PKG in either the transcriptional activator form of CREB or the repressor. More likely, PKG phosphorylates an intermediate factor that leads to subsequent CREB activation. Alternatively, PKG may lead to an increase in intracellular Ca 2+ levels causing increased adenylate cyclase activity, which could then induce activation of CREB and subsequent induction of ApC/EBP expression.
The results presented in this study suggest that ApC/EBP may serve on an input pathway (v) to the oscillator, and yet is regulated by the core oscillator giving this transcription factor the potential to act as an output component to regulate the transcription of target genes (vi). In addition to regulation of ApC/EBP gene expression, ApC/EBP may also be subject to translational or post-translational modulation. Indeed, regulation of both ApC/EBP protein stability and DNA binding activity has been reported (Yamamoto et al. 1999) . Mitogen-activated protein kinase phosphorylates ApC/EBP protein activating its DNA binding activity and rendering the protein resistant to degradation (Yamamoto et al. 1999) . Consequently, for the induction and consolidation of longterm facilitation in Aplysia, both increases in ApC/EBP mRNA levels and phosphorylation of the protein are necessary (Alberini et al. 1994; Yamamoto et al. 1999) . Similarly, ApC/EBP may also serve a role as an integrating factor for multiple signaling pathways within the circadian clock through both transcriptional regulation of this gene as well as post-translational regulation of the protein. Further studies need to be carried out to precisely define the role of ApC/EBP in the Aplysia circadian system. Also, similar studies to those reported here on ApC/EBP mRNA must be performed to determine if the properties of ApC/EBP protein are similar to those of ApC/EBP mRNA.
